Acute insults produce hyperalgesic priming, a neuroplastic change in nociceptors that markedly prolongs inflammatory mediatorinduced hyperalgesia. After an acute initiating insult, there is a 72 h delay to the onset of priming, for which the underlying mechanism is unknown. We hypothesized that the delay is due to the time required for a signal to travel from the peripheral terminal to the cell body followed by a return signal to the peripheral terminal. We report that when an inducer of hyperalgesic priming (monocyte chemotactic protein 1) is administered at the spinal cord of Sprague Dawley rats, priming is detected at the peripheral terminal with a delay significantly shorter than when applied peripherally. Spinally induced priming is detected not only when prostaglandin E 2 (PGE 2 ) is presented to the peripheral nociceptor terminals, but also when it is presented intrathecally to the central terminals in the spinal cord. Furthermore, when an inducer of priming is administered in the paw, priming can be detected in spinal cord (as prolonged hyperalgesia induced by intrathecal PGE 2 ), but only when the mechanical stimulus is presented to the paw on the side where the priming inducer was administered. Both spinally and peripherally induced priming is prevented by intrathecal oligodeoxynucleotide antisense to the nuclear transcription factor CREB mRNA. Finally, the inhibitor of protein translation reversed hyperalgesic priming only when injected at the site where PGE 2 was administered, suggesting that the signal transmitted from the cell body to the peripheral terminal is not a newly translated protein, but possibly a newly expressed mRNA.
Introduction
Hyperalgesic priming is a preclinical model of the transition from acute to chronic pain. It can be produced by inflammatory or neuropathic insults, and is expressed as a long-lasting prolongation in the response to low levels of hyperalgesic agents such as prostaglandin E 2 (PGE 2 ), adenosine, and serotonin, with normal nociceptive threshold in the absence of these agents (Aley et al., 2000; Parada et al., 2003a; . While in naive control rats PGE 2 -induced hyperalgesia is of short duration (ϳ1 h) and is dependent on stimulatory G-protein activation of protein kinase A (Aley and , in the primed state PGE 2 -induced hyperalgesia is markedly prolonged, lasting Ͼ24 h (Aley et al., 2000) , with the prolongation phase (Ͼ1 h) mediated by a signaling pathway involving an inhibitory G-protein, phospholipase C ␤3 and protein kinase C (PKC) (Aley et al., 2000; Parada et al., 2005; Joseph et al., 2007; Khasar et al., 2008; Ferrari et al., 2013a) . Importantly, the plasticity observed in hyperalgesic priming has been shown to be restricted to the nonpeptidergic, isolectin B4 (IB4)-positive nociceptors (Joseph and Levine, 2010) , which express the extracellular matrix molecule versican (Bogen et al., 2005) .
The induction of priming is triggered by pronociceptive mediators that transiently activate the calcium independent novel isoform of protein kinase C (PKC; Aley et al., 2000; Parada et al., 2003a) or molecules downstream of PKC such as ␣ calmodulindependent protein kinase II and the ryanodine receptor (Ferrari et al., 2013b) . In turn, cytoplasmic polyadenylation elementbinding protein-dependent translation of mRNAs in the peripheral terminal of the nociceptor (Bogen et al., 2012; Ferrari et al., 2013c) contributes to the long-term maintenance of the primed state (Bogen et al., 2012; Ferrari et al., 2013c) , which has been shown to persist unattenuated for at least 2 months (Aley et al., 2000; Parada et al., 2005) .
A distinctive feature of hyperalgesic priming, whose underlying mechanism remains to be elucidated, is the very prolonged (ϳ72 h) delay from the acute painful event that induces priming, to the development of the long-lasting primed state (Bogen et al., 2012) . In the present study, we explored the hypothesis that this delay is due, in part, to the time required for a signal to be generated in the peripheral terminal of the nociceptor and transported or transmitted to the cell body, where the regulation of transcription occurs, which, in turn, produces a signal that travels to the peripheral terminal of the nociceptor where hyperalgesic priming is expressed.
Materials and Methods
Animals. The experiments were performed on adult male Sprague Dawley rats (220 -400 g; Charles River Laboratories). Animals were housed, three per cage, under a 12 h light/dark cycle in a temperature-and humidity-controlled room in the animal care facility of the University of California, San Francisco. Food and water were available ad libitum. All nociceptive testing was done between 10:00 A.M. and 5:00 P.M., and the experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of California, San Francisco, and adhered to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. A concerted effort was made to minimize the number of animals used and their suffering.
Testing mechanical nociceptive threshold. The mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter (RandallSelitto paw-withdrawal test; Stoelting), a device that applies a linearly increasing mechanical force to the dorsum of the rat hindpaw, as previously described (Taiwo and Levine, 1989; Taiwo et al., 1989; ). The nociceptive threshold was defined as the force, reported in grams, at which the rat withdrew its paw, and the baseline paw pressure threshold was defined as the mean of three readings taken before a test agent was administered; the response endpoint was an allor-none reaction (i.e., either the animal withdraws its paw from the stimulus or does not). Each paw was treated as an independent measure, and each experiment was performed on a separate group of rats. Nocice-4 (Figure legend continued.) (t (5) ϭ 2.500; p ϭ 0.0545); IL-6, 123.3 Ϯ 1.7 and 123.0 Ϯ 2.1 g, respectively (t (5) ϭ 0.2548; p ϭ 0.8090); and MCP-1, 123.0 Ϯ 1.7 g and 121.3 Ϯ 2.0 g, respectively (t (11) ϭ 1.131; p ϭ 0.2821). PGE 2 (100 ng) was then injected intradermally into the dorsum of the hindpaw, and the mechanical threshold evaluated 30 min and 4 h later. In all cases, PGE 2 -induced hyperalgesia remained unatennuated at the fourth hour after injection [nonsignificant (NS) in all cases: C, p ϭ 0.6505; D, p ϭ 0.7423; E, p ϭ 0.1592; F, p ϭ 0.1098; two-way repeated-measures ANOVA followed by Bonferroni post-test], demonstrating the presence of hyperalgesic priming (C-E, N ϭ 3 rats, 6 paws per group; F, N ϭ 6 rats, 12 paws per group). A, In the schematic, the red arrow represents the signal triggered by the spinal injection (1, red syringe) of the priming agents (TNF␣, IL-6, NGF, or MCP-1), in the central terminal of the nociceptor, directed to the cell body. A signal for the neuroplastic change then spreads to the peripheral terminal in the skin (blue arrow), where the presence of hyperalgesic priming can be detected by evaluating the hyperalgesia induced by the injection of PGE 2 (2, blue syringe). B, In control experiments, the hyperalgesia induced by PGE 2 in naive rats (nonprimed), no longer present at the fourth hour after injection, is shown (***p Ͻ 0.0001, when compared with the hyperalgesia at 30 min). . PGE 2 (100 ng) was injected into the dorsum of the hindpaw 24 h (left panels), 48 h (middle panels), or 72 h (right panels) later, and, the mechanical hyperalgesia, evaluated by the Randall-Selitto paw withdrawal test, 30 min and 4 h later. Average paw withdrawal thresholds before, and 24, 48, and 72 h after intradermal injection of MCP-1 (A) were as follows: 120.0 Ϯ 1.4 and 107.5 Ϯ 1.8 g, respectively (after 24 h, t (11) ϭ 10.56; p Ͻ 0.0001; paired Student's t test); 119.6 Ϯ 1.4 and 116.1 Ϯ 0.9 g, respectively (after 48 h, t (11) ϭ 2.782; p ϭ 0.1790, NS); and 118.6 Ϯ 1.1 and 114.1 Ϯ 1.3 g, respectively (after 72 h, t (11) ϭ 2.279; p ϭ 0.4360, NS). For the groups treated with intrathecal injection of MCP-1 (B), the average paw withdrawal thresholds before, and 24, 48, and 72 h after injections were as follows: 120.1 Ϯ 1.5 and 98.0 Ϯ 2.0 g, respectively (after 24 h, t (11) ϭ 8.071; p Ͻ 0.0001; paired Student's t test); 116.8 Ϯ 2.1 and 110.5 Ϯ 1.2 g, respectively (after 48 h, t (11) ϭ 2.588; p ϭ 0.2502, NS); and 120.3 Ϯ 1.5 and 116.6 Ϯ 1.9 g, respectively (after 72 h, t (11) ϭ 1.910; p ϭ 0.0826, NS). In the groups treated with MCP-1 into the dorsum of the hindpaw (A), hyperalgesic priming was not established until 72 h [24 and 48 h panels: ***p Ͻ 0.0001 when comparing the PGE 2 -induced hyperalgesia at 30 min and 4 h; 72 h panel: p ϭ 0.9404 (NS); two-way repeated-measures ANOVA followed by Bonferroni post-test, N ϭ 6 rats (12 paws) per group]. On the other hand, in the group treated with spinal MCP-1 (B), although the injection of PGE 2 on the next day induced short-lasting hyperalgesia, it was no longer present at the fourth hour time point (***p Ͻ 0.0001 when comparing both time points); when PGE 2 was injected 48 or 72 h after spinal MCP-1, the hyperalgesia remained statistically unattenuated at the fourth hour [NS in both cases: 48 h panel, p ϭ 0.1864; 72 h panel, p ϭ 0.3635; two-way repeated-measures ANOVA followed by Bonferroni post-test, N ϭ 6 rats (12 paws) per group], demonstrating that hyperalgesic priming had already developed by 48 h. Of note, since the hyperalgesia induced by MCP-1 was still significant 24 h after its administration (A and B, both p Ͻ 0.0001, paired Student's t test), the baseline used to evaluate the effect induced by PGE 2 at the 30 min time point was already decreased. For that reason, the change in the mechanical threshold induced by PGE 2 injection appears smaller (left graphics). The schematic in A shows the hypothetical pathway of a signal triggered by the injection of the priming agent MCP-1 (1, red syringe) in the peripheral terminal of the nociceptor (in the skin), directed to the cell body (red arrow), which induces changes in the peripheral terminal (blue arrow) detected by evaluating the hyperalgesia evoked by the injection of PGE 2 (2, blue syringe). In B, the signal that triggers hyperalgesic priming (1, red syringe) is spinal injection of MCP-1, and directed to the cell body (red arrow), from which the message for the neuroplastic change will spread (blue arrow) to the peripheral terminal (in skin) of the nociceptor, detected by the prolongation of the hyperalgesia evoked by injection of PGE 2 in the paw (2, blue syringe).
ptive thresholds and experimental treatments were not performed blinded. Data are presented as the mean change from baseline mechanical nociceptive threshold.
Drugs and method of administration. The drugs used in this study were as follows: the direct-acting hyperalgesic inflammatory mediator PGE 2 , nerve growth factor (NGF), the protein translation inhibitor cordycepin from Cordyceps militaris, rat recombinant monocyte chemotactic protein 1 (MCP-1), and the adenosine deaminase inhibitor pentostatin, all from Sigma-Aldrich; the PKC-specific translocation inhibitor peptide PKCV 1-2 , (PKC-I; Calbiochem), the PKC activator RACK (Biomatik), rat recombinant interleukin-6 (IL-6; PeproTech), and rat recombinant tumor necrosis factor ␣ (TNF␣; R&D Systems). The selection of the drug doses was based on our previous studies (Taiwo et al., 1990; Ouseph et al., 1995; Khasar et al., 1999; Aley et al., 2000; Parada et al., 2005; Ferrari et al., 2013c) .
Stock solutions of PGE 2 in absolute ethanol (1 g/l) were further diluted in 0.9% NaCl (1:50; final concentration, 0.02 g/l) immediately before injection. The ethanol concentration of the final PGE 2 solution was ϳ2%, and the injection volume was 5 l. Stock solutions of cordycepin (1 g/l, dissolved in distilled water), prepared and further diluted in 0.9% NaCl, were used for intradermal injection into the dorsum of the hindpaw; for systemic treatment with cordycepin, a dose of 5 mg/kg, dissolved in distilled water, was administered intravenously in the tail vein. Because cordycepin is an adenosine analog that can be converted to an inactive metabolite by the enzyme adenosine deaminase (Tsai et al., 2010; Dalla Rosa et al., 2013) , it must be administered with an adenosine deaminase inhibitor such as pentostatin (Johnston, 2011) to be effective (Koç and McCaffrey, 1995; Sugar and McCaffrey, 1998; Foss, 2000; Kodama et al., 2000; Yoshikawa et al., 2007) . Pentostatin (1 mg/kg, dissolved in distilled water) was injected intravenously before cordycepin, in the same syringe, separated by an air bubble, to avoid mixing of the drugs. Control groups received vehicle or pentostatin plus vehicle. Before removal of the injection needle, administration of the drugs was followed by a bolus injection of an equal volume of saline solution.
Intradermal injections into the dorsum of the hindpaw were performed using a beveled 30 gauge hypodermic needle attached to a microsyringe by a short length of polyethylene (PE-10) tubing. The administration of cordycepin, PKC-I, and RACK was preceded by distilled water (2 l in the same syringe as the drug, separated by a bubble of air to avoid mixing) to induce hypotonic shock, which facilitates cell permeability to these membrane-impermeant agents (Borle and Snowdowne, 1982; Burch and Axelrod, 1987) .
For intrathecal drug administration, rats were briefly anesthetized with 2.5% isoflurane (Phoenix Pharmaceuticals) in 95% O 2 . Then, a 30 gauge hypodermic needle was inserted into the subarachnoid space, on the midline, between the L4 and L5 vertebrae, and the injection was performed (20 l). Animals regained consciousness ϳ1 min after the injection. Intrathecal injection was confirmed by a tail-flick reflex evoked by subarachnoid space access and bolus injection (Mestre et al., 1994) .
Hyperalgesic priming. Hyperalgesic priming, a model of the transition from acute to chronic pain, was produced using a previously described procedure (Aley et al., 2000; Parada et al., 2003a; : to prime the sensory neuron, RACK was injected into the dorsum of the hindpaw, at the site of nociceptive testing. This induces mechanical hyperalgesia that resolves 3-5 d later, following which intradermal injection of PGE 2 at the same site produces enhanced and prolonged mechanical hyperalgesia that lasts Ͼ4 h and is still significant at 24 h, as opposed to the effect of intradermal injection of PGE 2 in a nonprimed paw, which lasts ϳ1 h. To induce priming at the spinal terminals of the primary afferent, we used intrathecal injection of TNF␣, IL-6, NGF, or MCP-1. That TNF␣, IL-6, and NGF induce priming when injected into the dorsum of the hindpaw has been shown previously (Parada et al., 2003b; Dina et al., 2008; Ferrari et al., 2010) . MCP-1, which we have observed to induce priming after peripheral injection (Alvarez et al., 2014) , was also included in the present experiments because it is a pronociceptive mediator that acts selectively on IB4-positive nociceptors , the subtype of neurons shown to be involved in priming (Joseph and Levine, 2010) . Thus, in the studies using spinal intrathecal drug administration, MCP-1 provides a more specific target, namely, the central terminals of those primary afferent nociceptors that mediate hyperalgesic priming (Joseph and Levine, 2010) .
Oligodeoxynucleotide antisense to CREB mRNA. The oligodeoxynucleotide (ODN) antisense (AS) sequence for CREB mRNA, 5Ј-TGG TCA TCT AGT CAC CGG TG-3Ј, synthesized by Invitrogen, was directed against a unique region of the rat mRNA sequence, which blocks the translation of both known isoforms of CREB (Widnell et al., 1996; LaneLadd et al., 1997; Ma et al., 2003) . That this ODN AS sequence can be used to downregulate the expression of CREB has been shown previously (Widnell et al., 1996; Lane-Ladd et al., 1997; Ma et al., 2003) . The ODN missense sequence 5Ј-GAC CTC AGG TAG TCG TCG TT-3Ј is a scramble of the AS sequence.
Before use, the ODNs were lyophilized and reconstituted in 0.9% NaCl to a concentration of 2 g/l. They were injected, as described above, by the spinal intrathecal route. A total of 40 g of ODN in a volume of 20 l was slowly injected. The use of the ODN AS sequence to manipulate the expression of proteins in nociceptors, important for their role in nociceptor sensitization, is well supported by previous studies by us (Parada et al., 2003a; Ferrari et al., 2010 Ferrari et al., , 2012 Bogen et al., 2012) and others (Song et al., 2009; Su et al., 2011; Quanhong et al., 2012; Sun et al., 2013) .
Statistics. In all experiments, the dependent variable was the paw withdrawal threshold, expressed as the percentage change from baseline. The average paw withdrawal thresholds before and after [4 d (experiments shown in Figs. 1, 3 , 5, and 6), and 1 week (Fig. 4 ) or 2 weeks (Fig. 7) later, depending on the stimulus] the injection of the priming stimuli were Figure 3 . Hyperalgesic priming can be detected at the spinal cord when it is induced at the hindpaw. Rats received intradermal injection of the PKC activator RACK (1 g, black bars) into the dorsum of the right hindpaw. Vehicle (white bars) was injected into the left paw. Four days later, PGE 2 (20 ng/l, 20 l) was injected into the spinal cord, and the mechanical nociceptive paw withdrawal thresholds evaluated, 30 min and 4 h after PGE 2 injection. Average paw withdrawal thresholds before the injection of RACK or vehicle and immediately before the intrathecal injection of PGE 2 (4 d later) were as follows: 119.1 Ϯ 1.2 and 117.5 Ϯ 1.2 g, respectively, for the vehicle group (t (11) ϭ 1.101; p ϭ 0.2945, NS); 119.6 Ϯ 1.8 and 119.5 Ϯ 1.3 g, respectively, for the RACK group (t (11) ϭ 0.1121; p ϭ 0.9127, NS); paired Student's t test showed no significant difference between these two values. We observed a statistically significant increase in the magnitude of the hyperalgesia induced by the injection of PGE 2 in the paws previously treated with RACK when compared with the vehicle-treated paws [30 min after PGE 2 : **p Ͻ 0.01; 4 h after PGE 2 : ***p Ͻ 0.001; two-way repeated-measures ANOVA followed by Bonferroni post-test, N ϭ 6 rats (12 paws) per group], showing the presence of hyperalgesic priming (F (1, 22) ϭ 35.20, p Ͻ 0.0001, when comparing both groups). The schematic on the left shows the signal triggered by the injection of RACK (1, red syringe) at the peripheral terminal of the nociceptor in the skin, directed to the cell body (red arrow), and the signal from the cell body to the central terminal (blue arrow), where the presence of hyperalgesic priming can be detected by evaluating the hyperalgesia evoked by intrathecal injection of PGE 2 (2, blue syringe). , or MCP-1 (E, 20 ng/l, 20 l) 1 week before were tested for hyperalgesic priming of the response to PGE 2 (100 ng) injected intradermally into the dorsum of the hindpaw, in the presence or absence of the protein translation inhibitor cordycepin (1 g, injected at the same site as PGE 2 15 min before). Average paw withdrawal thresholds before the intrathecal injections of the priming stimuli and before the injection of PGE 2 (1 week later) were as follows: TNF␣, 120.6 Ϯ 2.7 and 119.0 Ϯ 2.2 g, respectively, for the vehicle-treated group (t (5) ϭ 0.7734; p ϭ 0.4743, NS) and 118.3 Ϯ 1.4 and 118.3 Ϯ 2.0 g, respectively, for the cordycepin-treated group (t (5) ϭ 0.000; p ϭ 1.000, NS); IL-6, 120.6 Ϯ 1.8 and 120.0 Ϯ 1.2 g, respectively, for the vehicle-treated group (t (5) ϭ 0.3953; p ϭ 0.7089, NS) and 122.6 Ϯ 1.6 and 121.3 Ϯ 2.9 g, respectively, for the cordycepin-treated group (t (5) ϭ 0.0984; p ϭ 0.5160, NS); NGF, 121.6 Ϯ 2.2 and 119.6 Ϯ 1.4 g, respectively, for the vehicle-treated group (t (5) ϭ 1.369; p ϭ 0.2292, NS) and 119.0 Ϯ 1.8 and 118.6 Ϯ 0.8 g, respectively, for the cordycepin-treated group (t (5) ϭ 0.1465; p ϭ 0.8893, NS); MCP-1, 118.6 Ϯ 0.8 and 117.3 Ϯ 1.2 g, respectively, for the vehicle-treated group (t (11) ϭ 0.9834; (Figure legend continues.) 119.1 Ϯ 0.5 g and 116.7 Ϯ 0.8 g, respectively. The total number of rats used in this study was 231 (462 paws). The left and right hindpaws of the rats were used and considered as independent subjects. To demonstrate the lack of correlation between the outcomes from paws of the same rat (i.e., the independence between the left and right paws of the same animal), we assessed the correlation between the mechanical hyperalgesia produced by the injection of PGE 2 into the dorsum of both hindpaws of a group of six rats (12 paws). The Pearson's correlation coefficient based on these six rats, which was only 0.064, was not significantly different from zero, with a p value of 0.904, supporting the notion that the responses are independent. In addition, the analysis of the difference in the PGE 2 -induced hyperalgesia between the right and left paws of the same animal with a matched-pair t test, which pays attention to the potential connection between the paws in the same animal, also found no significant difference in the mean scores between the paws, with a p value of 0.696. Furthermore, the difference in the PGE 2 -induced hyperalgesia between the hindpaws was also examined with an independent-groups t test that treated the left paws as a different independent group from the right paws. The results were identical to the matched-pair analysis, in that there was no difference in the mean scores between right and left paws ( p ϭ 0.698). Importantly, no statistically significant difference between paw withdrawal threshold absolute values (compared by paired Student's t test) was observed between groups of rats subsequently injected with PGE 2 , vehicles, or inhibitors. In the experiments shown in Figure 2 (N ϭ 36 rats, 72 paws), to evaluate the change in the mechanical threshold induced by PGE 2 , the mechanical threshold evaluated immediately before PGE 2 injection (24, 48, or 72 h after injection of MCP-1) was considered the baseline threshold. To compare the percentage change in the hyperalgesia induced by injection of PGE 2 in different groups, twoway repeated-measures ANOVA, followed by Bonferroni post-test, was performed. Prism version 5.0 (GraphPad Software) was used to plot the graphics and to perform the statistical analysis; p Ͻ 0.05 was considered statistically significant. Data are presented as the mean Ϯ SEM.
Results
Inducing priming by stimulating the central terminal of the nociceptor Given the marked difference in the length of the central and peripheral branches of nociceptors innervating the hindpaw, we tested whether the delay to onset of the primed state would be shorter if the agent that induces priming was administered to the central branch in the spinal cord. Pronociceptive mediators (TNF␣, IL-6, NGF, and MCP-1) that induce priming when administered in peripheral tissue were injected intrathecally into the spinal cord in separate groups of rats. That TNF␣, IL-6, and NGF induce priming when injected into the dorsum of the hindpaw has been shown previously (Parada et al., 2003b; Dina et al., 2008; Ferrari et al., 2010) . MCP-1, which we have observed to induce priming after peripheral injection (Alvarez et al., 2014) , was also included in the present experiment because it is a pronociceptive mediator that acts on IB4-positive, but not IB4-negative, nociceptors . To address the role of the cell body in hyperalgesic priming, we first tested whether administration of the inducers of hyperalgesic priming intrathecally in the spinal cord can induce hyperalgesic priming in the paw at the peripheral terminal of the nociceptor. As shown in Figure 1 , intrathecal injection of each agent induced peripheral hyperalgesic priming, manifested as prolongation of mechanical hyperalgesia induced by PGE 2 injected in the paw (measured 4 h after the injection of PGE 2 , a time at which PGE 2 -induced hyperalgesia would be fully resolved in a naive rat; Aley and Levine, 1999). Importantly, although the mechanical hyperalgesia induced by the injection of these agents had different time courses (Fig. 1C-F, first four bars) , we waited 96 h (when the mechanical thresholds in all groups had returned to baseline values) to test for the presence of priming (Fig. 1C-F, two bars on the right) . The choice of 96 h is based on the observation that the establishment of priming takes ϳ72 h after injection of the priming stimulus (Bogen et al., 2012) . However, as seen in Figure 2 , we have further observed that the delay to the induction of priming was ϳ48 h when the inducer was injected intrathecally into the spinal cord (compared with ϳ72 h when the inducing agent was injected into the paw).
Induction of hyperalgesic priming in the paw also induces priming at the central terminal of the nociceptor
Following administration of inducers of hyperalgesic priming into the paw, hyperalgesic priming in the spinal cord was detected as a prolongation of mechanical hyperalgesia induced by PGE 2 injected intrathecally (Fig. 3) . Of note, the intrathecal injection of PGE 2 in nonprimed rats, in a concentration similar to the dose injected into the dorsum of the hindpaw (20 ng/l), but diluted by the larger volume of the CSF, induced less intense hyperalgesia when compared with the hyperalgesia induced by the injection of PGE 2 into the paw. We observed that, similar to the hyperalgesia induced by injection of PGE 2 into the paw of primed rats, the hyperalgesia induced by the intrathecally injected PGE 2 was significantly prolonged.
We have shown previously that hyperalgesic priming in the paw is reversed when protein translation is inhibited locally in the paw (Ferrari et al., 2013c) . Hyperalgesic priming induced in the spinal cord is also mediated by a similar mechanism, since the administration of the translation inhibitor cordycepin in the same site in the paw as PGE 2 , in rats previously primed by intrathecal injection of TNF␣, IL-6, NGF, or MCP-1, significantly attenuated hyperalgesic priming (Fig. 4) . Consistent with a need for only local protein translation, spinal administration of a translation inhibitor did not affect the prolonged response to PGE 2 injected in the paw (Fig. 5A) . Similarly, a translation inhibitor administered in the paw had no effect on the prolonged hyperalgesia induced by intrathecally injected PGE 2 (Fig. 5B) .
Thus, agents that induce priming when administered to the peripheral terminal of the nociceptor also induce priming at the central terminal, suggesting that signals initiated at either the central or peripheral terminal of a nociceptor induce the neuroplastic changes that underlie hyperalgesic priming throughout the axon branches of the sensory neuron (where ongoing local protein translation is critical to maintain the primed state).
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( Figure legend continued. ) p ϭ 0.3466, NS) and 120.6 Ϯ 1.0 and 119.6 Ϯ 0.9 g, respectively, for the cordycepin-treated group (t (11) ϭ 0.9199; p ϭ 0.3774, NS); paired Student's t test showed no significant difference between these two values. The nociceptive mechanical paw withdrawal threshold was evaluated 30 min and 4 h after PGE 2 injection. Two-way repeatedmeasures ANOVA followed by Bonferroni post-test showed significant attenuation of PGE 2 -induced hyperalgesia at the fourth hour after injection in the groups pretreated with cordycepin (***p Ͻ 0.001 in all cases, when vehicle-and cordycepin-treated groups are compared at the fourth hour; B, F (1,10) ϭ 126.19; C, F (1,10) ϭ 53.36; D, F (1,10) ϭ 60.63; E, F (1,22) ϭ 63.07; p Ͻ 0.0001 for all cases, when vehicle and cordycepin groups are compared), indicating a role of local protein translation in hyperalgesic priming induced by spinal injection of TNF␣, IL-6, NGF, or MCP-1 [N ϭ 3 rats (6 paws, B-D) or N ϭ 6 rats (12 paws, E) per group]. A, In the schematic, the red arrow represents the signal triggered by the spinal injection (red syringe) of the priming agents (1, TNF␣, IL-6, NGF, and MCP-1) originating in the central terminal of the nociceptor and the subsequent signal (blue arrow) to the peripheral nociceptor terminal (in skin) where hyperalgesic priming is detected by the prolongation of hyperalgesia evoked by PGE 2 injected in the paw (2, blue syringe). The green syringe represents the site where cordycepin (or vehicle) was injected. Figure 5 . Inhibition of protein translation only reverses priming at the terminal where it is administered. Rats received intradermal injection of the PKC activator RACK (1 g) into the dorsum of the hindpaw (lefts panels) or spinal intrathecal injection of MCP-1 (20 ng/l, 20 l; right panels). No significant difference between the mechanical thresholds before and 4 d after the injections (when the experiments were performed) was observed (paired Student's t test, data not shown); the average paw withdrawal thresholds before and 4 d after injection of RACK (left panels) were 119.9Ϯ0.8and119.6Ϯ0.7g,respectively(t (47) ϭ0.5329;pϭ0.5966,NS).FortheratstreatedwithintrathecalinjectionofMCP-1(rightpanels),theaveragepawwithdrawalthresholdsbeforeand4dafter injectionwere116.7Ϯ0.6and116.7Ϯ0.7g,respectively(t (95) ϭ0.07275;pϭ0.9422,NS).Ratswerethendividedintogroups,vehicle(whitebars)ortheproteintranslationinhibitorcordycepin(blackbars), which were administered intrathecally to the spinal cord (200 ng/l, 20 l) or injected into the hindpaw (1 g). Fifteen minutes later, PGE 2 was injected into the dorsum of the hindpaw (100 ng, A) or into the spinalcord(20ng/l,20l,B),andthepawwithdrawalthresholdswereevaluated30minand4hlater.Importantly,cordycepinalonedidnotaffectthemechanicalpawwithdrawalthreshold.However,when itwasinjectedatthesamesiteasPGE 2 ,thePGE 2 -inducedhyperalgesiawassignificantlyattenuatedatthe4htimepoint(A,left:F (1,10) ϭ129.42,***pϽ0.001;A,right:F (1,22) ϭ63.07,***pϽ0.001;B,left: F (1,10) ϭ 28.58, **p ϭ 0.0003; B, right: F (1,22) ϭ 51.52, ***p Ͻ 0.001, when the hyperalgesia at 30 min and 4 h are compared, two-way repeated-measures ANOVA followed by Bonferroni post-test). In contrast, when cordycepin was administered at the opposite terminal of the nociceptor from the terminal at which the nociceptive testing was performed, the prolonged PGE 2 -induced hyperalgesia was not reduced [p Ͼ 0.05 in all cases, when comparing vehicle-and cordycepin-treated groups; N ϭ 3 rats (6 paws, RACK treated) or N ϭ 6 rats (12 paws, MCP-1-treated) per group]. . Four days later, as indicated by * in the schematics on the top of the figures, when the mechanical nociceptive paw withdrawal thresholds had returned to baseline values (data not shown), different groups of rats received intravenous vehicles (control groups, white bars), pentostatin (1 mg/kg) plus vehicle (gray bars), or pentostatin plus cordycepin (5 mg/kg, black bars), for 4 consecutive days. On the fifth day, PGE 2 (100 ng) was injected into the dorsum of the hindpaw, and the mechanical nociceptive paw withdrawal thresholds were evaluated 30 min and 4 h later. There were no significant differences in the average paw withdrawal thresholds before the injection of PGE 2 when compared with the thresholds before the injections of the priming stimuli (paired Student's t test): A: vehicle-plus-vehicle group, 111.6 Ϯ 1.6 and 112.3 Ϯ 1.7 g, respectively (t (5) ϭ 0.2454; p ϭ 0.8159, NS); pentostatin-plus-vehicle group, 108.3 Ϯ 3.0 and 111.6 Ϯ 0.9 g, respectively (t (5) ϭ 1.300; p ϭ 0.2504, NS); cordycepin-plus-pentostatin group, 120.0 Ϯ 2.5 and 118.0 Ϯ 2.0 g, respectively (t (5) 
Systemic administration of a translation inhibitor reverses central and peripheral priming
Since systemically active translation inhibitors have been developed for clinical use to treat cancer (Behbakht et al., 2011; Demetri et al., 2013; Ma et al., 2013; Maj-Hes et al., 2013; Ogawa et al., 2013) , we tested the hypothesis that systemic administration of such drugs would reverse priming both at the central and peripheral terminal of the nociceptor (Fig. 6) . Systemic administration of cordycepin (5 mg/kg; and pentostatin, 1 mg/kg, daily intravenous administration for 4 consecutive days, before testing on the fifth day) significantly attenuated hyperalgesic priming measured as the prolongation of the hyperalgesia induced by PGE 2 challenge in the paw [which was induced by administration of RACK (1 g, Fig. 6A ) in the paw or MCP-1 (20 ng/l; 20 l, Fig. 6B ) in the spinal cord], indicating that systemic treatment with protein translation inhibitors can be effective to reverse chronic pain syndromes where hyperalgesic priming plays a role.
Nuclear mechanism in priming
Finally, we tested the hypothesis that the signal traveling along the axon of the sensory neuron from the central or peripheral terminal toward the cell body, required to induce priming at both terminals, engages CREB, a nuclear transcription factor implicated in neuroplasticity. CREB is a cellular transcription factor that binds to nuclear DNA sequences to increase or decrease the transcription of many genes (Mayr and Montminy, 2001) , and CREB-related changes in gene expression in the neuronal nucleus have been implicated in long-term sensitization and neuronal regeneration (Herdegen et al., 1992; Fields et al., 1997; Teng and Tang, 2006) . We tested the hypothesis that CREB plays a role in the induction, but not necessarily the maintenance, of hyperalgesic priming. In support of this hypothesis, we found that intrathecal administration of an ODN antisense to CREB mRNA prevented (but did not reverse) priming induced either by activation of PKC in the paw or by intrathecal injection of MCP-1 (Fig. 7) . The ODN missense control had no significant effect. In Figure 8 , the proposed axonal and nuclear mechanisms underlying hyperalgesic priming are illustrated.
Discussion

The delay to induction of hyperalgesic priming
The 72 h delay in the induction of hyperalgesic priming has been an unexplained feature of this phenomenon. However, since other forms of long-term neuronal plasticity involve changes of gene expression Knöll and Nordheim, 2009; Bengtson and Bading, 2012; Kim et al., 2013) , we hypothesized that this could play a role in priming, and that the time required for a signal to be carried by the sensory axon from the nerve ending to the nucleus, transcription in the cell body, and a return signal from the nucleus to the peripheral nerve ending followed by peripheral translation (Ferrari et al., 2013c) contribute to this delay. We found that intrathecal administration of a pronociceptive mediator that induces priming when administered at the peripheral terminal, induces priming in the central terminal of the nociceptor (Fig. 1) , with a markedly shorter latency to onset (Fig. 2) , implicating axoplasmic transport of a signaling molecule from the nerve terminal to the cell body. Since some part of the delay to onset of the primed state is due to nuclear and peripheral translation mechanisms, which adds an unknown additional delay, and the molecule transmitted to the cell body is likely different from the one transmitted from the cell body back to the terminal, we are not yet in a position to implicate a specific mechanism for the relevant signals to move between the terminals and the cell body.
Hyperalgesic priming at the central terminal of the primary afferent neuron
The observation that hyperalgesic priming in the paw can be induced by the administration of inducing agents in the spinal cord raised the possibility that priming might also be expressed in the spinal cord as an increase in the response to inflammatory mediators at the central terminal of the primary afferent. Consistent with hyperalgesic priming occurring at the central terminal, we found that intradermal as well as intrathecal administration of priming stimuli caused a prolongation of mechanical hyperalgesia induced by intrathecally administered PGE 2 . While the prolonged hyperalgesia induced by peripheral administration of PGE 2 is mediated by sensitization of the nociceptor (Aley et al., 2000; Parada et al., 2005; ), the mechanism for prolongation of mechanical hyperalgesia induced by intrathecal PGE 2 is currently unknown. Because PGE 2 can enhance neurotransmitter release (Osaka, 2008; Fehrenbacher et al., 2009; Anneken et al., 2013; Lindgren et al., 2013) , one possibility is enhanced neurotransmitter release from the central terminal of the nociceptor. A contribution from postsynaptic mechanisms cannot, however, be excluded since prostaglandins also have effects on neurons in the CNS (Hori et al., 2000; Sang and Chen, 2006; Ohinata and Yoshikawa, 2008; O'Banion, 2010) .
Trans-terminal priming suggests participation of the sensory neuron cell body
We hypothesized that the induction of priming involves a retrograde signal from the cell body back to nerve endings. The observation that hyperalgesic priming can also be expressed at the central terminal of the nociceptor, when priming was induced by an agent administered at the peripheral terminal, raised the possibility that the retrograde priming signal sent from the cell body to the peripheral terminal might also travel along the central 4 (Figure legend continued. ) pentostatin-plus-vehicle group, 111.6 Ϯ 1.6 and 111.0 Ϯ 1.3 g, respectively (t (5) ϭ 0.5976; p ϭ 0.5761, NS); cordycepin-plus-pentostatin group, 113.3 Ϯ 2.1 and 112.0 Ϯ 1.0 g, respectively (t (5) ϭ 0.7906; p ϭ 0.4650, NS). Of note, the systemic treatment with the vehicles, pentostatin, or cordycepin (or the combinations), after priming was induced (4 d after injection of RACK or MCP-1) did not induce significant changes on the mechanical thresholds: A: vehicle-plus-vehicle group, t (5) ϭ 1.118; p ϭ 0.3144, NS; pentostatin-plus-vehicle group, t (5) ϭ 0.4152; p ϭ 0.6452, NS; cordycepin-plus-pentostatin group, t (5) ϭ 0.1395; p ϭ 0.8945, NS; B, vehicle-plus-vehicle group, t (5) ϭ 1.400; p ϭ 0.2204, NS; pentostatin-plus-vehicle group, t (5) ϭ 2.739; p ϭ 0.4090, NS; cordycepin-plus-pentostatin group, t (5) ϭ 0.6523; p ϭ 0.5430, NS. Two-way repeated-measures ANOVA followed by Bonferroni post-test showed that in the groups treated with cordycepin plus pentostatin, but not in the controls (vehicles or pentostatin plus vehicle), the hyperalgesia induced by PGE 2 was significantly attenuated at the fourth hour [A: ***p Ͻ 0.001, when the PGE 2 -induced hyperalgesia at the 4 h time point in the cordycepin-plus-pentostatin group is compared with the control groups: cordycepin-plus-pentostatin ϫ vehicles group: F (1,50) ϭ 62.66, p Ͻ 0.0001; cordycepin-plus-pentostatin ϫ pentostatin-plus-vehicle groups: F (1,50) ϭ 58.22, p Ͻ 0.0001; nonsignificant (F (1,50) ϭ 6.45, p Ͼ 0.05) difference was observed between vehicles ϫ pentostatin-plus-vehicle groups; B: ***p Ͻ 0.001, when the PGE 2 -induced hyperalgesia at the 4 h time point in the cordycepinplus-pentostatin is compared with the control groups: cordycepin-plus-pentostatin ϫ vehicles group: F (1, 20) . Knockdown of CREB prevents (A), but does not reverse (B), hyperalgesic priming. A, Rats were treated with daily spinal intrathecal injections of ODN AS (black bars) for CREB mRNA, for 3 consecutive days, to decrease its levels in the sensory neuron and prevent its activation by the priming inducers RACK (1 g, injected intradermally into the dorsum of the hindpaws; A, left) or MCP-1 (20 ng/l; 20 l, injected by the intrathecal route; A, right), injected on the fourth day. Control animals were treated, following the same protocol, with missense (MS; white bars). To prevent further activation of a signaling pathway that will ultimately produce priming during the acute effect of RACK or MCP-1, the ODN treatments continued until the return of the mechanical nociceptive paw withdrawal thresholds to baseline values, when hyperalgesic priming was assessed by the administration of PGE 2 (100 ng). PGE 2 was injected intradermally into the dorsum of the hindpaw, and the mechanical threshold was evaluated 30 min and 4 h later. Average paw withdrawal thresholds before the injections of the priming stimuli and before the injection of PGE 2 (8 d later) were as follows: RACK in the paw, left, 121.3 Ϯ 1.9 and 121.9 Ϯ 1.4 g, respectively, for the CREB MS-treated group (t (11) ϭ 0.000; p ϭ 1.0000, NS), and 125.9 Ϯ 1.7 and 125.5 Ϯ 1.1 g, respectively, for the AS-treated group (t (11) ϭ 0.1461; p ϭ 0.8864, NS); MCP-1, intrathecally, right, 123.3 Ϯ 2.5 and 120.5 Ϯ 1.7 g, respectively, for the MS-treated group (t (11) ϭ 1.787; p ϭ 0.1014, NS) and 120.6 Ϯ 2.3 and 116.5 Ϯ 1.4 g, respectively, for the AS-treated group (t (11) ϭ 1.948; p ϭ 0.0773, NS). Paired Student's t test showed no significant difference between these two values. Two-way repeated-measures ANOVA followed by Bonferroni post-test showed significant mechanical hyperalgesia induced by PGE 2 30 min after the injection. However, while in the MS-treated groups the magnitude of PGE 2 hyperalgesia was still significant at the fourth hour, in the AS-treated groups it was strongly attenuated in both the RACK-and the MCP-1-primed group (***p Ͻ 0.001 when the MS-and the AS-treated groups are compared). When tested again for priming with PGE 2 1 week after the last treatment with ODN AS or MS, a time point when the levels of CREB had returned to pre-AS levels, the prolongation of PGE 2 -induced hyperalgesia was still attenuated (at the 4 h time point) in the ODN AS-treated groups, but not in the MS-treated groups, indicating a role of CREB in the induction of hyperalgesic priming [***p Ͻ 0.001 when the MS-and the AS-treated groups are compared; A, N ϭ 6 rats (12 paws) per group]. Of note, no difference in the mechanical thresholds was observed at this time point, when compared with pre-priming stimuli thresholds: RACK, left, t (11) ϭ 0.8710; p ϭ 0.4024 (NS) for the CREB MS-treated group, and t (11) ϭ 1.497; p ϭ 0.1624 (NS) for the AS-treated group; MCP-1, right, t (11) ϭ 2.482; p ϭ 0.305 (NS) for the MS-treated group, and t (11) ϭ 1.915; p ϭ 0.0819 (NS) for the AS-treated group (paired Student's t test) . B, Rats that were treated with intradermal injection of the PKC activator RACK (1 g) into the dorsum of the hindpaw (B, left) or (Figure legend continues.) branch of the axon to induce priming at the spinal terminal. Therefore, we tested whether mediators that produce hyperalgesic priming of the nociceptor peripheral terminal, when injected at the peripheral terminal, also induce priming of the peripheral terminal when injected intrathecally to the central terminal. We found that intrathecal injection of these mediators produces hyperalgesic priming, a prolonged response to PGE 2 injected into the paw. We also found that injection of an inducing agent into the paw caused hyperalgesic priming at the central terminal. Furthermore, as predicted by the hypothesis that the delay in the induction of priming is dependent on axon length, the latency to the onset of the primed state in both cases was markedly shortened (Devor, 1999) . This might explain the distinct time course for priming establishment, depending on the site where the inducer is administered, since the neuroplastic change observed in primed nociceptors is dependent on the transport of nuclear transcripted mRNAs to the terminals where they will be translated (Ferrari et al., 2013c) . Moreover, the transmission of the priming signal between the two branches of the sensory nerve axon on the central and peripheral sides of the cell body suggested that mechanisms in the dorsal root ganglion (DRG) could play a crucial role in the induction of priming. However, this finding alone cannot rule out the possibility of a direct transmission of a signal from one branch of the bipolar axon to another, without any involvement of the cell body.
A nuclear mechanism in hyperalgesic priming
To begin to address the question of whether the signal transmitted from the nociceptor terminals along the length of the axon involves a nuclear event in the cell body, we administered an ODN antisense to CREB mRNA (Widnell et al., 1996; Lane-Ladd et al., 1997; Ma et al., 2003) , a nuclear transcription factor (Montminy et al., 1990; Montminy, 1997; Shaywitz and Greenberg, 1999 ) that plays a role in the neuroplasticity of learning and memory (Montminy et al., 1990; Montminy, 1997; Shaywitz and Greenberg, 1999; Kandel, 2012) . CREB antisense prevented priming, which is compatible with a role of a nuclear transcription mechanism. CREB antisense, however, did not reverse priming, suggesting that CREB-dependent patterns of gene expression in the nucleus play a critical role in its induction, but is not necessary to maintain the primed state. Therefore, processes that maintain hyperalgesic priming may be entirely localized in the nerve ending, consistent with our previous finding that peripheral administration of a protein translation inhibitor can reverse established hyperalgesic priming.
While the precise mechanism by which CREB contributes to hyperalgesic priming is currently unknown, its function in the DRG neuron has been extensively studied. We have previously shown that repeated administration of the -opioid receptor agonist morphine at the peripheral terminal of the nociceptor induces hyperalgesic priming (Joseph et al., 2010) , and, while it has yet to be shown that intrathecal opioids induce priming, they are well established to produce analgesia by action at the central terminal of the nociceptor. Of note in this regard, Ma et al. (2001) have shown that repeated morphine exposure increased the number of DRG neurons expressing phosphorylated extracellular signal-regulated protein kinase, also implicated in hyperalgesic priming (Dina et al., 2003; Ferrari et al., 2014) , as well as those expressing phosphorylated CREB (pCREB; Ma et al., 2001) . In neurons that are selectively deficient in axonal CREB transcripts, increases in nuclear pCREB, CRE-mediated transcription, and neuronal survival elicited by axonal application of NGF (which also produces hyperalgesic priming; Ferrari et al., 2010) are abolished, indicating a signaling function for axon-synthesized CREB (Cox et al., 2008) . Furthermore, IL-6, which also produces hyperalgesic priming, engages a similar signaling pathway (Eyre and Baune, 2012; Yang et al., 2012; Chou et al., 2013) . Of note, protein synthesis inhibitors prevent NGF-induced maintenance of axonal CREB, implying that NGF promotes the translation of CREB mRNA in the axon (Cox et al., 2008) . Exactly how this contrib-4 (Figure legend continued. ) spinal intrathecal injection of MCP-1 (20 ng/l, 20 l; B, right) 2 weeks before were treated with ODN AS (black bars) for CREB mRNA for 3 consecutive days to decrease the levels of CREB in the nociceptor. Control animals were treated, following the same protocol, with MS (white bars). On the fourth day, PGE 2 (100 ng) was injected intradermally into the dorsum of the hindpaws, and the mechanical thresholds were evaluated 30 min and 4 h later. Average paw withdrawal thresholds before the injections of RACK or MCP-1 and before the injection of PGE 2 were as follows: RACK, left, 121.6 Ϯ 2.7 and 123.3 Ϯ 1.6 g, respectively, for the CREB MS-treated group (t (11) ϭ 0.8752; p ϭ 0.4002, NS), and 113.3 Ϯ 1.8 and 112.6 Ϯ 2.1 g, respectively, for the AS-treated group (t (11) ϭ 0.4838; p ϭ 0.6380, NS); MCP-1, right, 114.1 Ϯ 1.4 and 114.6 Ϯ 1.2 g, respectively, for the MS-treated group (t (11) ϭ 0.2536; p ϭ 0.8045, NS) and 117.5 Ϯ 1.7 and 117.5 Ϯ 1.4 g, respectively, for the AS-treated group (t (11) ϭ 0.0000; p ϭ 1.0000, NS). Paired Student's t test showed no significant difference between these two values. Two-way repeated-measures ANOVA followed by Bonferroni posttest showed no difference in the magnitude of the PGE 2 -induced hyperalgesia at 30 min and 4 h in both the ODN AS-and MS-treated groups (rats primed with RACK: F (1,22) ϭ 1.47, p ϭ 0.2378; rats primed with MCP-1: F (1,22) ϭ 1.39, p ϭ 0.2511), indicating that CREB does not play a role in the maintenance of hyperalgesic priming [B: N ϭ 6 rats (12 paws) per group]. Figure 8 . Schematic of the proposed axonal and nuclear mechanisms underlying hyperalgesic priming. Our experiments support the hypothesis that an inflammatory event that activates PKC in nonpeptidergic nociceptors (A) triggers gene transcription in the cell body that is dependent on CREB (B, red arrows). The resultant mRNA species will then be transported to the terminals of the nociceptor (C, blue arrows), where translation mechanisms will take place (D) and, as a consequence, produce hyperalgesic priming. This phenomenon will then be maintained, independently of CREB, by local protein translation at the central and peripheral terminals of the nociceptor (E). The time for the development of priming will depend on the transport of the newly formed mRNA to the peripheral or central terminals of the nociceptor. F, The expression of this neuroplasticity, an increased response to pronociceptive inflammatory cytokines, can be verified by the prolongation of the mechanical hyperalgesia induced by the injection of PGE 2 (F).
utes to the induction of hyperalgesic priming remains to be established.
Cordycepin
An ultimate goal in studying the mechanism of hyperalgesic priming is to create a foundation for novel treatments of chronic pain. In most cases, such treatments would be used after the condition is already established. This study has shown that hyperalgesic priming is maintained independent of the nucleus, by protein translation occurring in both nerve endings (Ferrari et al., 2013b,c) , suggesting that a successful clinical intervention would optimally target both sites. Cordycepin is a clinically approved protein translation inhibitor that is systemically administered and appears to cross the blood-brain barrier (Rottenberg et al., 2005) . Our demonstration that systemic cordycepin administration can reverse priming produced by stimuli in both the spinal cord and periphery is a preliminary indication that this drug might be useful as a treatment for chronic pain. Our findings that cordycepin attenuated priming only when injected at the same site where PGE 2 was administered (Fig. 5) , and that the induction, but not maintenance, of priming, depends on CREBactivated nuclear transcription (Fig. 6 ) suggest that the signal transmitted to the terminals of the nociceptor is not a newly translated protein, but possibly a newly expressed mRNA.
